. Overview of cluster sizes and centre-of-mass collision energies for which the reactions with CO 2 was studied experimentally.
Cluster
Number The main reaction channel of the clusters with CO 2 can be expressed as:
In addition to Eq. S1 and Eq. S2, some additional reaction pathways need to be considered.
For the cluster HO 2 − (H 2 O) n loss of hydrogen peroxide might occur upon incorporation of CO 2 :
Cluster-gas collisions that do not result in a reaction can occur, especially for larger clusters.
Depending upon the energy associated with the collision, water molecules-or possibly hydrogen peroxide-might be lost from the cluster in excess to the losses occurring naturally from the clusters' meta-stable decay, i.e. collision induced dissociation (CID): 
All of these reaction paths can be detected using the current experimental setup, with the exception of collisions of too low energy to induce fragmentation, i.e. Eq. S4-S5 with x = 0.
S3
In order to compare results from different measurements, the peak intensities in the mass spectra were normalized to the reactant ion intensity in each measurement, the latter estimated as the sum of all product peaks, evaporation peaks, and the parent ion peak. The intensities in the background measurements were subtracted from the corresponding peaks in the measurements where CO 2 was present. This removes intensity originating from the clusters' meta-stable decay and possible restgas collisions from the fragmentation peaks, leaving only the intensity originating from the CID of the clusters. The combined (relative) intensity of all CID peaks in a spectrum is designated as the fraction of CID,  CID .
The fraction of reaction,  R , for a measurement corresponds to the sum of all normalized product peaks, i.e., when CO 2 has been taken up by the reactant cluster. For almost all clusters, the majority of the product intensity was found in the peaks corresponding to adding CO 2 and losing 2-3H 2 O (Eq. S1-S2). Loss of H 2 O 2 from HO 2 − (H 2 O) n clusters (Eq. S3) was a mostly insignificant reaction channel, being generally two orders of magnitude smaller than the primary one (Eq. S2).
The fraction of reactant clusters colliding with CO 2 can be estimated as
Due to the aforementioned inability of the current experimental setup to detect collisions that do not result in changes to the reactant cluster, Eq. S7 will most likely underestimate the degree of collisions occurring to some degree.
Experimentally, we can estimate a reaction rate coefficient as follows. The number of reactant clusters that react with the collision gas can be expressed using a Lambert-Beer law analogy:
where L is the length of the ion flight path, c is the concentration of the collision gas, and σ r is the reaction cross section. Physically, the right hand side represents the volume of space covered by the ion's flight, and the number of gas molecules encountered and reacted with in S4 that volume. With the ion velocity  i it is possible to calculate the volume covered and gas molecules encountered by the ion per unit time, i.e. the rate coefficient. The exact flight path of the ion is unknown due to the motion imposed on it by the hexapole ion guide in the collision cell, and so is also the actual ion velocity v i along that path. However, the ratio L/ i equals the residence time in collision cell, t, and can be calculated using the translational ion energy (E LAB ) and collision cell length. Hence:
where k r is the reaction rate coefficient. It should be noted that the reaction rate coefficient as presented in Eq. S9 is not a true rate coefficient. The equation represents a nominal rate coefficient corresponding to a mono-energetic ion beam traversing a volume of stationary gas molecules, and can be considered a microcanonical rate coefficient. Several factors are neglected here: the ion beam might not be entirely mono-energetic, although this is likely of minor importance; the thermal motion of the collision gas will lead to a Doppler broadening of the collision energies; and in addition, the cross section might be dependent upon the relative ion-gas velocity, which in turn is dependent upon both the gas temperature and the axial motion of the ion imposed by the hexapole ion guide. While a more rigorous approach is possible, 1 it is unnecessary for the current purposes, especially considering the uncertainties in the CO 2 pressure with the current experimental setup.
Variations in CO 2 pressure with time is easily detected from the reference measurements. For the reasons stated immediately above, we consider estimating a quantitative rate coefficient meaningless. Instead, we calculate a relative reaction rate coefficient as
where R is a normalizing function calculated by a fit to the value of −ln(1− r )/t for our reference measurements as a function of time-of-day. In essence, this compensates for variations in CO 2 pressure and expresses the rate coefficients relative to the reaction rate coefficient for OH − (H 2 O) 3 + CO 2 at a nominal collision energy of 0.5 eV in the COM frame.
S5
The fraction of reaction ϕ r can be expressed to a good approximation as
where  r is the relative amount of single collision reactions; and  r 2 is approximately the relative amount of double collision reactions, etc. If  r is sufficiently small, the terms following it can be neglected. In the present experiments, the CO 2 pressure is high enough that double collisions is not entirely neglectable, and should be accounted for. However, the mass spectra reveal that incorporation of two CO 2 molecules into the clusters is not occurring, meaning that the reaction product of the first collision with CO 2 will not react further. Instead, a second collision will only result in additional water molecules being knocked out of the cluster.
Branching ratio model
A very simple model was used to estimate branching ratios for the products of Reaction (S1) from thermodynamic data. The basic assumption is that the clusters-being an evaporative ensemble-are metastable on the relevant experimental time-scale. 2 When entering the instrument, the evaporative ensemble will quickly cool down by successive evaporation of H 2 O molecules; however, each evaporation removes enough energy from the clusters to result in an order of magnitude decrease in the evaporation rate. 3 Consequently, clusters traversing the collision cell without evaporating can be said to be stable on the time-scale corresponding to the flight time (or strictly speaking, from the cluster creation to detection). The first assumption is therefore that clusters will almost instantaneously reach a point where their internal energy is not enough to result in evaporation of H 2 O during the flight time.
Addition of energy to the clusters will lead to evaporation of H 2 O-with characteristic times shorter than the flight time-until the clusters have cooled down enough to again be metastable within the experimental time-frame. The second assumption of the model is thus:
that energy in excess of the original internal energy of the clusters will lead to loss of H 2 O if the excess is larger than the dissociation energy, and that the characteristic times of these evaporations are so short compared to the cluster flight time so that we do not have to explicitly consider actual reaction rates.
The energy available for evaporation of H 2 O from the products of Reactions (S1) was calculated as the reaction enthalpy (from our QCC, Table 2 ) plus the reduced collision energy.
Note that the reactant internal energy was used as a zero level for each cluster per the above S6 argument. The collision energy was corrected for Doppler broadening due to the thermal motions of the gas molecules, 1, 4 which leads to a distribution of energies for the reaction intermediates. This distribution was then integrated, with the integration limits consisting of the dissociation energies of H 2 O from the product cluster (Table 2) . This results in an estimate of the branching ratios for loss of 0, 1, 2,… H 2 O in Reactions (S1). 
S7
An abundance spectrum, i.e., the distribution of various cluster sizes as produced by the electrospray ion source and detected by the instrument when no size selection is applied in the quadrupole, was collected during the experiments. Figure S1 shows the cluster intensities as a function of size for X − (H 2 O) n , with X = OH, HO 2 , O 2 , NO 2 , NO 3 and n 80.
The abundance spectrum of OH − (H 2 O) n shows the expected magic numbers (in particular n = 11, 17 and 54) and is in perfect agreement with previously published spectra collected using the same instrument. 5 For the other cluster types shown in Fig. S1 3, 6, 11, 17 .
Evaporation
The evaporation of water molecules from clusters flying through the empty collision cell can be useful for identifying and confirming magic numbers occurring in the cluster population. 6 In addition, it can give valuable clues to other thermodynamic properties of clusters. Figure   S2 shows the estimated rate coefficient for loss of H 2 O in the background measurements for different cluster sizes and translational energies.
The evaporation rate coefficients shown in Fig The difference is smaller for n = 2, and 8-10. Another interesting feature is the divergence of the two curves occurring at n = 11. This coincides with a similar but mirrored trend observable in the abundance spectra, i.e., a slight magic number occurring for OH − (H 2 O) 11 and a slight anti-magic number occurring for HO 2 − (H 2 O) 11 . This is more clearly illustrated in 
Water loss during reaction and collision
A comparison of the average water loss from OH − (H 2 O) n and HO 2 − (H 2 O) n clusters when they react or collide with CO 2 is shown in Fig. S4 . The clusters show for the most part equal amounts of H 2 O detachment after reactions and collisions. For n = 3-4, and to a lesser extent n = 5, the HO 2 − (H 2 O) n clusters exhibit higher average water loss post collision. This indicates that for these particular cluster sizes, the balance between reaction and dehydration enthalpies differs for the two cluster types.
Of particular interest here is to note that the curves for loss of water after reaction show an initially higher amount of H 2 O loss for E COM = 0.1 eV, which then decreases for E COM = 0.2-0.3 eV, before it starts to increase again. This behaviour is characteristic of a time dependent evaporation process occurring in addition to a collision/reaction induced one. The reactant clusters will have an internal energy low enough that they are meta-stable with regards to the experimental time-frame. After adding CO 2 , clusters will quickly cool down by evaporation of water molecules. However, for many clusters, the last evaporation post reaction will still S10 leave them with some excess energy which will reduce their characteristic lifetime compared to the experimental time-frame, and result in additional H 2 O loss of given enough time.
Experimentally, this will be detected as a metastable decay superimposed on the reaction The effect of the additional meta-stable decay is clear when comparing the experimentally determined average water loss to the modelled one, as is done in Fig. 6 . The meta-stable effect is not included in the model, which therefore underestimates the detected average water loss for low E COM . However, for medium to high E COM , the effect can be disregarded; that is, the assumption of the model that the clusters after the reaction induced evaporation will have a lifetime longer than the experimental time frame, holds. 
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Quantum Chemical Calculations
Energy levels
The potential energies (ZPVE included) of all structures in the potential energy diagram Fig. 4 is given below. The structures are numbered 2-15 as per Fig. S5 ; the energies are given in Table S2 . 
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